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SUMMARY

.

An experimentalinvestigationwasmadeof lsminarandturbulent
boundarylayerson theoutersurfaceofa hollowcylinderat a Machnum-
berof2.41andovera Reynoldsnumberrangeof0.06x l& to 0.% x l&

perinch.Ekmndary-layersurveysweremadeby mesasofa total-pressure
probeforstationsrangingfromO.x to 8.08 tithesfromtheleadingedge.

Intheabsenceofprobeeffects,theexperimentalresultsforthe
lsminarboundarylayershowedgoodagreementwiththelsminartheoryof
ChapmanandRubesin,whilethosefortheturbulentboundarylayershowed
goodagreementwiththeextended?RmnklsadVoishelanalysisofRubesti,
Maydew,andVarga.Theexperimentalturbulentvelcmityprofileswere
foundtoa~ee closelywitha l/7-powerprofile;theconstantof the
l/7-powerprofiled=iwd experimentallyshowedexcellentagreementwith
theempiricalconstantof CopeandWatsm. Withno probeinterference,
trsmsitionReynoldsnmnbersincreasedwithincreasingtunnelstagnation
pressure.

Theexperimentallydeterminedvalueof theconstantintheequation
predictingtherateof growthof thelamtiarboundarylayeralongthe
modelagreedwellwiththetheoreticalvalue.Thefinitesizeofprobe
usedintheinvestigationmeasuredlaminarskin-frictioncoefficients
aspredictdby theory.Thisprobehada width-heightratioof4.8and
gavesatisfactoryresultsprovidedtheratioofprobeheighttoboundary-
layerthicknesswasno greaterthan0.22. Whereprobeinterferencewas
significant,theeffectoftheprobewaseitherto causeearlytransition
oftheleminerboundarylayeror to distortthevelocityprofilessothat
abnormallyhighaverageskin-frictioncoefficientsweremeasured.
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INTRODUCTION
b

Recentexperimentalinvestigations(refs.1 to4) ofaverageskin-
frictioncoefficientsforlaminarboundarylayers,involvingtotal-
pressuresurveysthroughtheboundarylayerona flatplate,havepro-
ducedaverageskin-frictioncoefficientsthatareconsiderablyhigher
thanthosepredictedby theory.Reference-~reportsan investigation

-,

of theeffectsofReynoldsnuriberandboundary-layerdevelopmentalong
—-

thesurfacesofhollowcylindershavingtheiraxesparallelto thefree-
streamflowdirection.Itwasconcludedthattheleading-edgethickness
had& pronouncedeffecton thedevelopmentof theboundarylayerandthat
thesizeof theprobemayhavehadsomeeffectonmeasurementsnearthe
leadingedgeof themodel.Theexperimentalresultsalsoindicatedthat
resultsessentiallythesameas thosefora flatplatecouldbe obtained
fromboundary-layersurveysona hollowcylinder.

—-—
Inan effortto deter-

minethecauseofthediscrepancybetweenexperimentalflat-plateresults
andlaminar-boundary-layertheory,a detailedinvestigation,reported”in

-=

reference6, wasmadeof theeffectsofprobesize,heattranEferthrough -
theleading-edgeregion,leading-edgegeome@y,andstrengthofthe
leading-edgeshockwave. Ofalltheseeffe~ts,onlytheprobeeffect
wasfoundtobe significant,andtheconclusionwasreachedthatonly
a probeofvanishingheightwouldmeasurethetheoreticallypredicted

F.

values.
—

Thepurposeof thisreportistopresenttheresultsof an investi-
gationona hollowcylinder,at a Machnuniberof2.41,of theeffectsof
Reynolds”nuuibe’randa total-pressureprobeon thelocalandaverageskin-
frictioncoefficientsforlaminarboundarylayers,andtheeffectof
Reynoldsrii.miberon localandaverageskin-frictioncoefficientsfortur-
bulentboundarylayersthatareformedasa resultofnaturaltransition.

SYMBOLS

b constantinl/7-powervelooityprofile

Cf localskin-frictioncoefficient

Cf averageskin-frictioncoefficient

G constantinequationforboundary-layergrowth

h outsideheightofprobetip,in.

z distancealongmodelfromleadingedgetocalculatedorigin
of turbulentflow,in.

.

“.
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Machnumber

constantinformladefiningmomentumthicknessof turbulent
boundarylayer

locaistaticpressure,in.Hg abs

stagnationpressure,in.Eg abs

outsideradiusofmdel, in.

Reynoldsnumber

Reynoldsnuniber
Plu@/wl

Reynoldsnuniber

veloci~within

basedondistancefromleadingedge, P&x/vl

basedon three-d-psionalmomentumthickness,

of transition,@Jl%/~1

boundarylayer,ft~sec

velocity,ft/sec

distancealongmodelfromleadingedge,in.

distancenormaltomodel,in.

ratioof specificheatat constantpressureto specificheat
at constantvolume(1.40forair)

boundary-layerthicknessat 99percentoffree-streamMach
‘nuniber,in.

two-dimensionalmomentumthicknessofboundarylayer,in.
I

three-dhensionalmomentumthicknessofboundarylayeron a
cylindricalbody,in.

coefficientofviscosity,slugs/ft-sec

density,slugs/cuft

Subscripts:

1 conditionsat outeredgeofboundarylayer

T conditionsattransition
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A

APPARATUS
b

WindTunnel

AlltestswereconductedintheLangley9-fnchsupersonictunnel,
whichisa continuous-operation,closed-circuittypeinwhichthepres-
sure,temperature,andhumidityof theenclosedaircanbe regulated.
DifferenttestMachnunibersareprovidedby interchangeablenozzleblocks
whichformtestsectionsapproximately9 inchessquare.Elevenfine-
meshturbulence-dampingscreensareinstalledaheadof thesupersonic

—

nozzleina settlingchaniberofrelativelylsrgearea.A schlieren
opticalsystemisprovidedforqualitativeflowobservations. -.

Hollow~linder

Thehollowsteelcylinderusedinthetestsisshownschematically
infigurel(a).Themodel,whichisl; inchesindiameterand22 inches

&

long,wasturned,ground,andpolishedtoa surfaceroughnessofapproxi-
mately5 root-mean-squaremicroinches.The..leadingedgeof thecylinder .
waschamferedtoanangleof 5°androundedtoa thicknessofabout
0.0020inchtoavoidfeathering.

Static-pressureorificeswerelocatedon thetop,bottom,andBides
of themodel.Nineorificeswereprovidalon thesurveyside,beginning
1/2inchfromtheleadingedgeandspaced1 inchapartfora totaldis-

tanceof ~ inches.Thecircumferentialpositionof thisrw of orifices

wasapproximately0.21inshfromthelineof survey.Twoorificesplaced
on eachoftheotherthreesideswerespaced4 inchesapart,thefirst

onebeinglocated2$ inchesfromtheleadingedge.

Thehollowcwlinderwasmountedfromthesidewallof thetunnel
as showninfigur~l(c).

Boundary-Layer

Theapparatususedto sumort

SurveyApparatus

thetotal-pressureprobeis shownin —
figures1(6]andl(c). Thee~~eriormechanismoperatesinthessmeway
as a standardmicrometerandisgraduatedinthousandthsof an inch. In
ordertoobtainrigidity,thesupportingmechanisminsidethetunnelwas
composedof twodouble-wedgestrutswithth~-”smalleroneslidinginside

.

thelarger(seefig.2(a)).Theassenibledapparatusismountedon a
circularmetalplatethatreplacesoneof thetunnelwindows. .
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Thet&al-pressureprobewasconstructedaccordingto
giveninreference7,of 0.020-inchstainless-steeltubing

5

theprocedure
thatwas

flattenedandstonedto thedimensionsshowninfigure2(Z). Contact
of theprobewiththecylindersurfacewasindicatedby a low-amperage
electricalcontactsystem.

Testswere
Reynoldsnumber

PROCEDURE

conductedat a free-streamMachnrmiberof2.41withina
rangeofapproximately0.06x 106to0.95x 106perinch.

ThisReynoldsnumiberrangewasobtain-dby varyingthe%mel stagnation
pressurefromabout7 to 120in.Hgabswitha correspondingstagnation-
temperaturerangeof 93°to 125°F. Thedewpointof thetunnelwas
keptsufficientlylowsoas to insurenegligiblecondensationeffects.

Static-pressuremeasurementson themodelsurfacewereobtainedat
stagnationpressuresof 7, n, 60,~, and120in.Eg abs,withschlieren
observationsbeing-de at eachof thesepressures.

Total-pressuremeasurementsweremadethroughtheboundarylayerat
eightstations.Thesesurveystationswerelocatedalongthecenterline
of themodel,thefirstandlaststationsbeing0.58inchand8.08inches,
respectively,fromthemodelleadingedge. Distanceof theprobefrom
thenmdelsurfacewasmeasuredby meansof themicrometerattachment
(fig.1(b));probepositioncouldbe measuredwithintO.00025inchand
repeatedwithinapproximately*0.00050inch.Thesurveyswere~de at
stagnationpressuresof 7, 30,60,90,and120in.Hgabsforeachsta-
tion. Static,impact,andtunnelstagnationpressuresweremeasuredon
a mercurymanometer.Theact-pressureprobehada responsetimeof
approximately20 seconds;however,inordertominimizethechancesof
error,a minutewasallowedfor
out.

REDUCTIONOF

Bymakingtheconventional

theimpact-pressurereadingto settle

Pms3uRE-suRvEYDATA

assumptionsthatwithintheboundary
layerthestaticpressureandtotalt-6mperatureareconstantnormalto
themodelsurface,thevelocityprofilemqJbe calculatedfromtheMach
nunioersurveyforthecaseof zeroheattransferby mesmsofthe
expression

.

.
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Two-dimem3ional

where

u M

I

~+?’-lM12
2—=

l.q q Y-11+TM2

momentumthicknessisdefinedas

P +$~+Y

—=
PI

l+L - 1 M12
2

(1)

(2)

(3)
.

--

.
E& thepropersubstitutionoftheexpressionsfordensityandvelocity
ratio,theexpressionfortwo-dimensionalmomentumthicknessmaybe
obtainedintermsofMachnunberand y only.

Inthisinvestigation,somecorrectiontothemomentum-thickness
expressionmustbe madetoaccountforthecylindricalformofthemodel.
Themethodusedinreference5 wasalsousedinthepresentinvestigation.
Theexpressionforthree-dimensionalmomentumthiclmess,whenputinto
termsofMachnumberand y, isthengivenby

wherethesecondtermisthecorrectionforform.

Thisformcorrectionamountedtoa maximumofabout4 percentfor
thepositionfarthestdownstream.No correctionsweremadetothemomen-
tumthiclmesstoaccountforsmallvariationsofMachnuniberalongthe
modelsurface.
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PRECISIONOFDATA

Static,impact,andtunnelstagnationpressuresareaccuratetoan
estimated*0.01in.Hg. T!hisvalueresultsina Machnunibererrorof
~0.06at theloweststagnationpressureand*0.(K)5at thehighest.The
Reynoldsnunibererroroftheinvestigationisapproximately~k,~ per
inch.

On thebasisof thegivenaccuraqrinMachnumberandof theprobe
positioningmechanism,theerrorinthedeterminationofmementumthick-
nessisestimatedtobe no greaterthan1 percent,andtheaccuracyin
thedeterminationof localskin-frictioncoefficientsfromthefaired
plotsofmomentumthicknessisabout10percent.

RESULTSANDDISCUSSION

Static-~essureDistribution

Thelongitudinalstatic-pressuredistributiononthecylinderis
presentedinfigure3 forvariousstagnationpressures.Measurementsof
staticpressureon thetop,bottom,andsidesof themodelshowlittle
variation,thegreatestdiscrepanciesbeingat theloweststagnation
pressureof 7 in.Hg abs. Theseresultsindicatethatthehkchnuniber
distributionon themodelisrelativelyconstant,andhencetheassump-
tionofa zeropressuregradientappearstobe justified.

SchlierenObservations

A typicalschlierenphotographoftheflowoverthecylinderisgiven
infigure4 fora stagnationpressureof60 in.Hg abs. Naturaltransi-
tionisassumedtooccurat thepointon themodelwherethebound~
layersuddenlystartsto thicken(indicatedbythearrow in the figure).
Itcanbe seenthata disturbancefromthenozzleblocksispresenton
thetopsideof thetunneltestsection.Thisdisturbanceintersectsohly
a smallportionof themodelneartheLeadingedgeandisknofitobe
relativelyweakfrompastsurveysofthestream; theweaknessof thedis-
turbanceis indicatedfndirectQinfigure4 by thefactthatitclosely
para~e~ the~sturb=cefromthe~del leadingedge,whosestrengthis
littlemorethanthatofa Machwave. Theexacteffectof thistunnel
disturbanceupontransitionon thismcdelisnotknown,butit isevi-
dentlysmallsince,as isshownsubsequently,extensivelaminsrrunsare
obtainedandtheReynoldsnumberfortransitionisof thepropermagnitude
as comparedwithunpublishedresults.Inanycase,theeffecthasno
bearingon theassessmentofprobeinterferencesinceitisalwayspresent.
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VelocityProfiles

Nondimensionalvelocityprofilesareshowninfi~es 5 to 9 for
stagnationpressuresof 7,30,60,90,and120in.Hg abs. It canbe
seeninfigure5,whichrepresentstheloweststagnationpressure,that
theexperimentallaminarvelocityprofilesagreewellwiththelaminar-
boumdary-layertheoryof ChapmanandRubesin(ref.8).

Infigure6 areshownlaminar,transitional,andturbulentvelocity
profiles.Theturbulentprofilesarecomparedwitha l/7-powerlawwith
theconstantb ofthefollowingequationequalto 0.683:

Thevalue0.683wasobtainedbysystematicallyvaryingthevalueof b
untilgoodagreementwasobtainedbetweenthe.e~erimentalturbulent
velocityprofilesandthel/7-powerprofile..Thisestimatedvalueof b
showsexcellentagreementwiththevalueof0.685derivedfromtheresults .—

ofreference9. At thispressuretheexperimentallaminarvelocitypro- .
filesdifferslightlyfromthosepredictedbytheory,whiletheturbulent
velocityprofileshowsfairagreementtiththel/7-powerlaw. Theveloc-
ityprofileat x = 6.58inchesfallsbetweenthelaminarandturbulent
profilesandisthereforeconsideredtobe transitional.

At a stagnationpressureof60in.Hg abs(fig.7), theexperimental
laminarveloci~profilesareagaindifferentfromthosepredictedby
theory,whiletheturbulentvelocityprofilesshowgoodagreementwith
thel/7-powerprofile.Thevelocityprofile.atx = 6.58inches,which
appearedtransitionalat 30 in.Hg abs,isnowcompletelyturbulent,and
theveloci~profileat4.58inchesisnowevidentlytransitional.The
formandpositionofthevelocityprofileat x = O.~ inch indicates
thatit,too,istransitional.This,however,cannotbe theresultof
naturaltransitionsincethevelocityprofilesoccurringat l.~, 2.58,
and3.58inchesfromtheleadingedgeat the.s@mestagnationpressure- . -. .—

—

liecloseto thelaminarprofile.

At stagnationpressuresof 90and120in.I@abs (figs.8 and9)
someveloci~profilesarecompletelyturbul.titandgoodagreementis
obtainedwiththel/7-powerlaw,whereasothersappeartransitional.
Itshouldbe notedthatvelocityprofileswhichareobtainednearthe
leadingedgeathighstagnationpressuresanz.whichappearto be tmbu- _
lentortransitionalarenotnecessarilya resultofnaturaltransition
butmaywellbe attributedtothedisturbancecausedby thetotal-

.

pressureprobeinthethinnerlaminorboun@rylayer.
,
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Boundary-Layer!llransition
?I

Itisknownthattransitionpointsobtainedfromschlierenphoto-
graphsas indicatedinfigure4 canbe correlatedwiththoseobtained
fromtotal-pressuresurveysof theboundarylayer. (Seeref.5,for
qle-) Inthepresentinvestigation,twomethodsof obtainingtran-
sitionpointsfromboundary-layersurveysarepresented.Thefirst
methodassumestransitionpointsto occurat theintersectionsof the
experimentallsminarandturbulentcurvesof figure10. (AkiOshownin
fig.10arethetheoreticallaminarcurvesfromref.8.) However,in

—.

thisfiguretheexperimentallsminarpointsfallabovethetheoretical.
curvesat thehigherstagnationpressures,sothaterroneoustransition
pointsresult.Approximatelocationsof thetruetransitionpointsmay
be determinedby thismethodwhenthereisprobeinterferenceby assuming
thatthepointsoccurat theintersectionsof thetheoreticalturbulent
(ref.10)andtheoreticallaminarcurves.Thetransitioncurvedetermined
by thismethodispresentedinfigureI_landis seento followthetrend
of theschlierenresults.

Inordertodetermineaccuratelythelimitofprobeinterference,
transitionpointsweredeterminedby a secondmethod.This method also

uses thedataof figure10butisrmmesensitiveto changesinmomentum
thickness.Transitionpointsdeterminedby thismethodcorrespondto
theminhnummomentumthicknessoccurringat a givensurveystationas
theReynoldsnumberisvariedby varyingtunnelstagnationpressure.
Figure11 showsthatthismethodagreeswellwiththefirstmethodup
toa stagnationpressureof about~ in.Hg abs,afterwhichitdiverges
rapidly.Thelatterportionof thecue, however,doesnotrepresent
thetruetransitionoccurringon themodelbutonlytheapparenttransi-
tionasmanifestedby theprobeandisusedonlyinevaluatingthelimit
ofprobeinterference.Ik@xre12presentsthecorrespondingReynolds
nunibersfortransitionandshowsthemincreasingtithincreasingtunnel
stagnationpressurewhenthereisnoprobeinterference.(Thistrend
hasslsobeennotedinref.5.) Thetwovaluesshownin each of fig-
ures11 and12 fortheschlierenrestitsat p. = 90 in.Hg abscorre-
spondto thebeginningandendof a turbulenceburstobservedinthe
schlierenphotographat thispressure.Thesurveymethodwouldnotbe
expectedto agreeexactlywiththeschlierenresultswhenthereisno
probeinterference,sincethetransitionpointsobtainedby thesurvey
methodweredeterminedfrommeasurementson thesideandtheschlieren
resultsfrommeasurementson thetopof themodel. Irregulartransition
arounda nmdelhasbeendiscussedinreferenceIl.

.

.
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Determinationof EffectiveLeadingEdgeforTurbulentFlow

Thevaluesofmomentumthicknesspresentedinfigure10wereused F

inthecalculationofaverageskin-frictioncoefficientsforbothlaminar
andturbulentflows.However,beforethesevaluescouldbe usedinthe
caseof turbulentflow,somecorrectionwasnecessarytoaccountforthe
factthattheturbulentboundarylayerdidnotstartat theleadingedge
of themodel.An effectiveleadingedgewasdeterminedby a methodsimi-
larto thatusedinreference4. Inthisreferenceitis shownthatthe
variationofmomentumthicknesswiththefifthrootoftheReynoldsnum-
bermaybe appliedto compressibleflow;thereforethevariationof
momentumthicknesswithReynoldsnuuiberanddistancefromtheeffective
leadingedgeisgivenby theformula

e= N(x- 1)
(5) _

(Rx-@

.
where Z isthedistancefromtheactualleadingedgeofthemodelto
theeffectiveleadingedge. Thisdistanceis shownschematicallyinthe
followingsketch:

e

..

_/-

= “
x— .—

Thesolutionof theequationrequiresthedeterminationof Z, N,
and,of course,Rx-z. Theformulawassolvedforeachstagnationpres- “-
sureby a trial-and-errorprocedure;firsta valuewasassignedto 2
andthentheconstantN wascalculatedby usingtheknowne~erimental
valuesofmomentumthicknessanda Reynoldsnumberbasedon x - Z. The
valuesof’Z and N werevariedsystematicallyuntilthevaluesof G
calculatedfromequation(5)agreedcloselywiththee~erimentalvalues

—.

of @ throughouttheturbulentrange.Thesevaluesaregiveninthe
followingtableformomentum-thicknessvaluescorrespondingto100per-
centturbulentflow: .

u.
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LM_L31
(Becauseof insufficientdataat a stagnationpressure.of
thevalueof theconstantN wastakenas theaverageof
of N at thehigherstagnationpressures,sincethereis
in N with PO.) It canbe seenfromfigure10 thatthe

30 in.Hg abs,
thethreevalues
littlechange
experimental

pointsat x = 6.58inchesfor30 in.Hgabs and x = 4.58inchesfor
60 in.I& abslieat theintersectionsof thecurves.Thesepointsrepre-
sentprofilesthatappeartransitionalinfigures6 and7. Hence,no
attemptwasmadeto correctthemforan effectiveleadingedge.

Infigure13 isshownthevariationof Reynoldsnumberbasedon
momentumthicknesswithReynoldsnumberbasedondistancefromthe
leadingedge.Alsoshownisthecomparisonof theexperimentaldata
withthelaninar-boundary-layer“theoriesofBlasius~d of Chapmanand
Rubesin(ref.8)andtheturbulentskin-frictiontheoryoflZmnkland
Voishelas extendedby reference10. Goodagreementisobtainedbetween
experimentandtheory.

Itshouldbe mted fromthisfigurethatforsmallvaluesof x at
a given& thevalueof RQ appearsto lieinthetransitionregion,
whereasforlargervaluesof x at thesame Rx thevalueof ~ lies
inthelaminarregion.Thisseaninglyearlytransitionwasalsonoted
in thevelocityprofilesobtainedat 60 in.Hg absandisattributedto
probeinterference.Thiseffectmightbe expectedsincethethickness
ofthelsminarbounda~layerincreaseswithdistancefromtheleading
edge,andanyfinitedisturbancecreatedby a total-pressureprobewould
havea greatereffectwheretheboundarylayeristhinnest;hencethe
probeeffectwo@d be .stroqgestat themostforwardstations.Thisprobe
effectcausestheappearanceofrapidprematuretransitionthatoccurs
0.% inchfromtheleadingedgeof themodel(fig.13). ItISnotdefi-
nitelyknownwhetherthepointsfallingabovethecurveforkminartheory
at lowReynoldsnumbersandsmalldistancesfromtheleadingedgerepresent
transitionvelocityprofiles.Theycouldbe theresultof distortedlami-
narprofilescausedby thepresenceoftheprobe.Thephenomenonalso
occursintheresultsof reference6 forReynoldsnuniberslessthan16.
Whethertheprobeactuallycausesprematuretransitionat thehigher
Reynoldsnumbersormerelydistortsthevelocityprofilesisalsonot
definitelyknown.However,fromthedatapresentedhereinthegeneral
appearanceisthatof transitionat thehigherReynoldsmmibers.
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In figure13some of thepointscorrespondingtocoqletelyturbu-
lentflow(x>3.58 inches)occuratvaluesof ~ thatalsohavepoints ,
forlaminarflow. !lIbisresultisduetothe!foreshortenedlengthused
inthecalculationof Rx fortheturbulentvalues,sinceturbulent
flowdoesnotstartat theleading&igeofthemodel.

SkinFriction

Figures14and15present,,respectively,theexperiinentalaverage
skin-frictioncoefficientsasa functionoftheReynoldsnumberbasedon
momentumthickness~ andtheReynoldsnuniberbasedonlengthofrun Rx.
Frombothfiguresitisevidentthat,whenprobeeffectsarenegligible,
theexperimentalaverageskin-frictioncoefficientsagreecloselywith
theoryforlaminarandturbulentflow. Therefore,it ispossibleto
measuxeaveragel.aminarskin-frictioncoefficients,aspredictedby
theoryjbymeansof a total-pressureprobeoffinitesize.

—

Figure14 illtitratesmoreclearlytheprobeeffectsupontransition, ._
sinceRG “impliesmoreindependenceofupstreameffectsthan ~. Tran-
sitionReynoldsnumbersincreasewithincreasingdistancefromtheleading
edgeforvaluesof”x lessthan3.58inches.Therefore,theprobeappears “
to causeprematuretransitionandhencehighaverageskin-frictioncoeffi-
cientsforsmallvaluesof x. Theprobeeffectthengraduallydiminishes
instrengthforlergervaluesof x; consequently,thevaluesof transi-.
tionReynoldsnumbersindicatedforthelargervaluesof x wouldbe
expectedto approachthosehavingnoprobeeffect.

——
Thistrendisillus-. “-

tratedinfigure16,whichisa crossplotoffigures11and12.

Figure17presentslocalskin-frictioncoefficientsas a functionof
nmmentum-thicknessReynoldsnumber.Theselocalskin-frictioncoefficients
weredeterminedfromtheslopesofthecurvesoffigure10;hence,their
accuracyislimitedby thefairingof thecurves.A fewof thepoints
obtainedata pressureof 60 in.Hgabsfa~.farbelowthetheoretical
curve.Theselowpointsareattributedtoprobeinterference,sincethe
effectof theprobeisto increasethemomentum-thicknessvaluesatthe
lowervaluesof x. Thisincreasealterstheslopeof thecurveoffig-
ure10andcausesan erroneouslocalskin-frictioncoefficient.

Ithasbeenassumedintheforegoingco~risonsthattheresults
forthecylindercanbe comparedwithflat-plateresults.Thisassump-
tionisbasedupontheresultsofananalysispresentedinreferenceE!
of theeffectsof curvatureon thelsminarboundarylayerinincompressi-
bleflow. Iftherelationforincompressibleflowcanbe appliedto com-
pressibleflow,themsximumincreaseof theskin-frictioncoefficientfor

—

thecylinderoverthatfortheflatplatewouldoccurata stagnation
.

pressureof 7 in.Hg abs. Sincethisincreasewouldsnmunttoonly
2.5percent,thecomparisonsareprobablyJustified. *
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Robe Effect

Ithasbeenshownthattheprobeusedinthepresentinvestigation
accuratelymeasuredtheaveragelam.inarskin-frictioncoefficientsat
stagnationpressuresup to30 in.Hg absandthattheprobecauseddis-
tortionof thethinnerlaminarboundarylayerathigherstagnationpres-
sures.Itromthedataobtained,thelargestpermissibleratioofprobe
heighttoboundary-layerthiclmessh@ canbe determined.Thelimiting
valueof thisratiowasdeterminedfromthevelocityprofileschosenby
theminimum-momentum-thicknessmethodpreviouslydescribed.Forthese
profiles,valuesof b werecalculatedby assumingthattheedgeof the
boundarylayeroccurredat thepointwherethemeasuredMachnumberwas
99percentof theMachnumberat theouteredgeof theboundarylayer.

Figure18showsthevariationwithaxialdistancex of the
ratio h/bT forthevelocl~profilesselected.A discontinuityappears
intheexperimentalcurveat aboutx = 4.6inches.Theleftlegof
thiscurve(x< 4.6inches)correspondstothosedatathatareaffected
by theprobe.Itthereforea~earsthatthecriticalvalueof h/8T iS
IWLl@d.y0.23. Thisvaluemay,however,be moreexactlydeterminedby
puttingtheresultsof figure18 intoa formsimilarto thatusedin
reference6. Thisprocedureisas follows.2Zromreference13 it is
knownthatthelaminarboundary-layerthicknessinincompressibleflow
variesaccordingto therelation

(6)
l%

boundary-layerthicknessincreases
inthisequationmustbe determined

However,incompressibleflowthe
withMachnumberandtheconstant
accordingly.~uation(6)isthereforewritten

where G istheconstantdependentonMachnuniber.

Manipulationof equation(7)yields

(7)

(8)

wheretheterm h/# isthecorrelationfactorofreference6.
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By useoftheexperimental

l/x~x werecalculatedandare

thatappearsat x = 4.6inches

~ = 0.00022.
X2

Thevalueof x

NACATN 3122

.
dataoffigure18,valuesof h/x2 and

plottedinfigure19. Thediscontinuity .

infigure18occursinthisfigureat

correspondingtathispointis4.76inches. —

Thelowestvalueof h/% obtainedfromthedataofreference6 was
0.0@+4ata Machnuniberof 3.0. 13yreferringnowtofigure18,the
criticalvalueof h/5T isfoundtobe exactly0.22.Withtheseresults,
thevalueof G isreadilydeterminedfromequation(8)andisequalto
7.1. A curveobtainedbyinsertingthisvalue& G intoequation(7)
anddividingeachsideinto h isshowninfigure18forcomparison
purposes.A limitingcurveforprobeinterferencefortheMachmmiber
ofthisinvestigationwascalculatedfromecyiktion(8]andispresented
infigure19. Allpointsabovethesolidline”representinterference-
freedata,,whereaspointsbelowitaresubjecttothedisturbancecaused
by theprobe.Thisfigureisintendedto serveas a guideindeciding
whethera probesimilartothatusedinthepresentinvestigationwill
causeinterferenceina laminarboundarylayerbeinginvestigatedat a .
comparableMachnumber.Inherentinthetiterpretationof thefigureis
thealreadyjustifiedassumptionthatvaluesof h/b greaterthan0.22
aresubjecttoprobeinterference. .

An examinationwasmadetodeterminewhethertheexperimentalvalue
of G couldbe reasonablypredictedfromexistingtheory.Eowever,in
comparingthetheoreticalconstanttiththeexpertientalconstant,the
factthattheMachnuniberinthetestsectionchangessignificantlyat .

verylowstagnationpressuresmustbe takenintoaccount.At 7 in.Hg abs
theaverageMachrn.miberindicatedbytheprobewas2.29. Fromreference14
thetheoreticalvalueof G ata Machnuniberof2.29wasfoundtobe 7.27.
Thevalueof G atthehigherpressures(M= 2.41)wasfoundtobe about

—

7.47. Itcanbe seenthatwithinthisrange..ofMacKnunibeithechange
in G issmallandtheagreementbetweenthetheoreticalconstantand
theexperimentallydeterminedvalueof 7.1isgood.Figure20presents
a comparisonbetweentheexperimentalgrowthoftheboundarybyer at a
stagnationpressureof7 in.Hg absandthepredictionof reference14.
Alsoincludedisthepredictionbasedon the-%xperimentall.ydetermined
valueof G at transition.Thepredictedgrowthisseentoagreeclosely
withexperiment.

.

Theprecedingresultsandanalyseshavebeenbasedontheassumption
thatprobeheight(inrelationtoboundary-layerthickness)isthepre-
dominantsourceofprobeinterferenceeffects,andthisassumptionappears
tobe substantiatedby existingexperimentalresults,particularlythose
ofreference6. Nevertheless,comparisonoftheresultsof thepresent
investigationwiththoseofreference6 fora probehavingthesameheight ‘“
buttwicethewidthindicatesthattheremaybe significanteffectsof

.
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probewidth.comparisonof theresultsofreferences6 and15,however,
ona similarbasisgivesnopositiveindicationofwidtheffect,butthe
probeinstallationsof thesereferencesweresomewhatdifferent.At the
presenttime,the.experimentaldataappeartobe insufficienttoestab-
lisha criterionforprobewidth,butinthepresentinvestigationa
probehavinga width-heightratioof4.8 gavesatisfactoryresults,pro-
tidedtheratioofprobeheighttoboundary-layerthiclmessh/5 was
no greaterthan0.22.

CONCLUSIONS

TestswereconductedintheLangley9-inchsupersonictunnelat a
free-streamMachnmiberof2.41to investigatetheeffectsofReynolds
nuuberandprobeinterferenceon thelocal.andaverageskin-friction
coefficientsforlaminarboundarylayers,andtheeffectofReynolds
numiberon thelocalandaverageskin-frictioncoefficientsforturbulent
boundarylayers.TheReynoldsnuniberrangeof thetestswasfromapproxi-.
mately0.06x ld to0.95x 106perinchforstationsrangingfrom0.58
to 8.o8inchesfromtheleadingedge. Theresultsof thisinvestigation

. appearto justifythefollowingconclusions:

1. Intheabsenceofprobeeffects,thee~erimentalresultsforthe
laminarboundarylayershowedgoodagreementwiththelaminartheoryof
ChapmanandRubesin,whilethosefortheturbulentboundarylayershowed
goodagreementwiththeextendedFranklandVoishelanalysisofRubesin,
Maydew,andVargawhenan effectiveleadingedgewasestablishedforthe
turbulentrun.

2.Withnoprobeinterference,transitionReynolds?mnnbersincreased
withincreasingtunnelstagnationpressure.

3. @?er~entilturbflentveloci~profileswerefoundtoagree
closelywith.a l/7-powerprofile,andtheconstantofthel/7-powerpro-
filederivedexperimentallyshowedexcellentagreementwiththeempirical
constantof CopeandWatson.

4. Thefinitesizeofprobeusedintheinvestigation~asuredlami-
narskin-frictioncoefficientsaspredictedby thetheoryof Chapmanand
Rubesin.‘IMisprobehada width-heightratioof4.8 andgavesatisfactory
resultsprovidedtheratioofprobeheighttoboundary-layerthiclmess
wasno greaterthan0.22.

7.Theexpertientall.ydeterminedvalueof theconstantintheequa-. tionpredictingtherateof growthofthelaminarbounda~layeralong
themodelagreedwe~ withthetheoreticalvalueobtainedfromtheresults

. ofNACATN2916.
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●

6. Fortheconditionswhereprobeinterferencewassignificant,
theprobeeithercausedearlytransitionof thelsminarboundarylayer
ordistortedtheprofilessothatabnormallyhighaverageskin-friction
coefficientsweremeasured.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Va.jOctober27,1953.

—
.
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